Abstract. Intravascular ultrasound elastography is a method for measuring the local elastic properties using intravascular ultrasound (IVUS). The elastic properties of the different tissues within the atherosclerotic plaque are measured through the strain. Knowledge of these elastic properties is useful for guiding interventional procedures (balloon dilatation, ablation) and detection of the vulnerable plaque. In the last decade, several groups have applied elastography intravascularly with various levels of success. In this paper, the approaches of the different research groups will be discussed. The focus will be on our approach to the application of intravascular elastography.
Introduction
Coronary atherosclerosis is one of the leading causes of hospitalization in the western world. Blood vessel obstructions are caused by atherosclerosis and may result in the loss of vital functions. Diagnostic intravascular ultrasound (IVUS) imaging systems have been developed in the past few years to support both diagnosis and clinical treatment of this obstructive vascular disease.
Currently, IVUS is the only clinically available technique capable of providing realtime cross-sectional images of arteries in vivo. It delivers information that is not available from x-ray angiography, the gold standard in coronary artery imaging. Specific diagnostic information that can aid in the selection of the appropriate interventional technique for treatment of atherosclerotic luminal narrowing becomes increasingly important since the number of available techniques increases. For this reason, IVUS is more and more routinely used for guiding these techniques (Fitzgerald and Yock 1993) and studying the mechanisms for restenoses (Mintz et al 1996) .
Since the outcome of the interventional procedure is not only determined by the morphology of the diseased vessel but also by its mechanical properties, knowledge of these properties may be useful. Additionally, plaque vulnerability is associated with mechanical phenomena: using computer simulations, concentrations of circumferential tensile stress were more frequently found in unstable than in stable plaques , Richardson et al 1989 . For example, if a thin fibrous cap is shielding a lipid core from the blood, the stress is concentrated in the cap. The cap will rupture if it is unable to withstand the resulting strain. (Loree et al 1992 , Richardson et al 1989 . Local weakening of the cap due to macrophage infiltration will result in a further increase in strain (Lendon et al 1991) . Diagnosis and detection of the rupture-prone plaque is a major problem in cardiology (Falk et al 1995) .
Possibilities for fast digitization and storage of large RF data blocks and RF data processing have seriously enhanced the potentials of IVUS (van der Steen et al 1998a) . Nowadays, IVUS can be used to determine the mechanical properties of vascular tissue. This procedure is based on the principle that the response of a tissue to a mechanical excitation is a function of its mechanical properties. Technical aspects of intravascular elastography include finding the optimal method of excitation and a good detection method. The excitation can be dynamic or quasistatic in nature. The response (e.g. displacement, velocity and strain) can be measured using ultrasound. This paper gives a short overview of the different implementations of intravascular elastography. Next, the methods and results of our intravascular elastography work will be presented and discussed.
Previous related work
Several techniques have been proposed to study the mechanical properties of tissues using ultrasound. The main differences are in the way of excitation (vibration at low or high frequency, or quasistatic) and the detection (based on radiofrequency or envelope data) (van der Steen et al 1998b). Lerner and Parker (1988) presented preliminary work on vibration amplitude 'sonoelasticity imaging'. With this method, a low-frequency vibration (20-500 Hz) is applied externally to excite internal vibrations within the tissue under study. A stiff inhomogeneity surrounded by soft tissue produces a disturbance in the normal vibration eigenmode patterns. Doppler detection techniques are employed to make a real-time vibration image. In some organs, modal patterns can be created, revealing additional information to the shear wave speed of sound of tissue (Parker and Lerner 1992) . This technique has not been evaluated for vascular tissue, but given the large wavelengths and the level of inhomogeneity in a diseased vessel, it seems not to be the technique of first choice.
Sonoelasticity: vibration amplitude imaging I

kHz dynamics: vibration amplitude imaging II
A technique that was derived from the previously described technique was introduced by De Korte et al (1996) . In this technique, the tissue is excited using a 15-25 kHz sound field and the amplitude of vibration is measured with a 30 MHz transducer. The amplitude of compression waves is related to the mechanical properties of the tissue. Since the attenuation of shear waves in the 20 kHz range is high, it is unlikely that these bias the measurements. However, the amplitude of tissue vibration not only depends on the mechanical properties, but also on the size of the inhomogeneities and resonance phenomena. Since intravascular application of a 20 kHz sound field in vivo would also cause some problems, this approach was abandoned for intravascular elasticity imaging.
Elastography: compression strain imaging
Ophir and colleagues (Ophir et al 1991 , 1996 , Céspedes et al 1993 have developed an imaging technique called elastography, which is based on the static deformation of a linear isotropic elastic material. The tissue under inspection is externally compressed and the displacement between pairs of A-lines with and without compression is determined using cross-correlation analysis. From these data, the strain profile in the tissue under study can be determined. Although Ophir et al never explored it, this approach seems to be the most fruitful concept for intravascular elastography. The compression can be obtained from the systemic pressure difference or by using a compliant intravascular balloon (Sarvazyan et al 1993) . The following techniques are all more or less based on this excitation principle, but use a variety of detection methods. Ryan and Foster (1997) developed a technique, based on comparison of pre-and post-compression of vessel mimicking phantoms. The displacement in these phantoms was based on speckle tracking in the video signals. From this displacement the strain can be calculated. It was shown that phantom components of different hardness had different displacement. For use under physiological circumstances, the methods still need quite some adaptation.
Envelope based intravascular elastography.
A big advantage of using the envelope is the fact that the correlation function is smoother than the rf-based correlation function. This prevents 'peak hopping', meaning that the correlation function is maximized around the wrong peak. Furthermore, the video signal is commonly available from any commercial echosystem. A disadvantage is the limited resolution. Since small tissue strains are expected for intravascular applications, the use of rf data will seriously improve the resolution. Based on work of Varghese and Ophir (1999) , a smaller variance of the strain estimate is expected using RF data instead of envelope data. Talhami et al (1994) introduced a technique that is capable of estimating the global radial strain in a vessel. The technique is based on the Fourier scaling property of the signals and uses the chirp Z-transform. The envelope data are used for this analysis. The result is displayed as a colour-coded ring around the image of the vessel. The technique seems relatively easy to implement. Initial results on vascular tissue in vitro and in vivo are described, although no validation of the technique is given. Shapo et al (1996a, b) developed another technique, which is based on cross-correlation of A-lines. The group proposes a large deformation to maximize the signal-to-noise ratio of the displacement and strain estimation. Large displacement will decorrelate the ultrasound signals to such an extent that correlation detection is unreliable. For this reason, the cross-correlation is calculated in several intermediate steps of intraluminal pressure. For detection, they use a phase-sensitive speckle tracking technique. The technique was demonstrated in simulations and tissue mimicking phantoms.
Spectral tissue strain.
Phase sensitive speckle tracking multicompression elasticity imaging.
Broad-band rf-based elastography: the Rotterdam approach.
The rest of the paper will describe the technique that was developed in Rotterdam (de Korte 1999 , de Korte et al 1998a , b, Céspedes et al 1997 . Data are acquired at two levels of intraluminal pressure. Displacement and strain are calculated from broadband rf traces. The strain information is presented in an independent complimentary two-dimensional image of the strain called elastogram.
In this paper, the feasibility of this technique for intravascular purposes is demonstrated using phantom studies and studies on human arteries both in vitro and in vivo. A qualitative comparison of the elastographic information with conventional echo images, histology and compression modulus values from the literature is made. The results demonstrate the capability of intravascular elastography to characterize different plaque types and to identify regions with increased stress.
Materials and methods
Materials
3.1.1. Phantom. Vessel phantoms with the morphology of atherosclerotic vessels were constructed from solutions of agar and gelatin with carborundum (SiC) particles used for scattering (de Korte et al 1997a, b) . A hard vessel containing a soft lesion with no echogenicity contrast between the wall and plaque was formed. This phantom was measured with intraluminal pressures of 50 and 55 mmHg.
Femoral arteries in vitro.
Atherosclerotic human femoral arteries obtained post mortem were measured in vitro. Two scans were acquired: one at a pressure level of 80 mmHg and one at 100 mmHg. After the intravascular experiments, the vessel specimens were fixed in a buffered formaldehyde solution (3.6%) and processed for routine paraffin embedding. For each segment, cross sections were stained for collagen with picrosirius red stain and for smooth muscle cells with anti alfa-actin stain (clone 1a4, 8 mg ml −1 , Sigma, St Louis, MO, USA).
Coronary arteries in vivo.
Data were obtained from patients (n = 10) referred for percutaneous coronary intervention. The culprit lesions to be treated were situated in the left anterior descending artery and the right coronary artery. After intravenous administration of 10 000 IU heparin and 250 mg acetylsalicylic acid, a 6 Fr guiding catheter was advanced up to the ostium of the involved artery. After coronary injection of a bolus of 3 mg isosorbide dinitrate, pre-intervention IVUS assessment of the lesion was performed.
Data acquisition and signal processing
The in vitro experiments (both phantoms and femoral arteries) were performed at room temperature (20±2
• C) in a water tank, filled with a physiological saline solution and equipped with two insertion sheaths (8F) at either side (figure 1), using a 4.3F Princeps ® 30 MHz catheter (Endosonics/Dumed, The Netherlands). The IVUS catheter was inserted via the proximal sheath. Intraluminal pressure was applied by means of a water column system. Two scans were acquired at two intraluminal pressure levels.
The catheter was connected to a modified Intrasound ® motor unit (DuMed/Endosonics, The Netherlands). This motor unit contains the pulser and receiver of the ultrasonic system and rotates the catheter at 400 angles/revolution using a stepper motor. At each angular position, an rf ultrasound signal of 10.0 µs was acquired.
The rf signals were phase-synchronously digitized at 200 MHz in 8 bits stored in a custom made acquisition system (Industrial Pentium ® 133 MHz computer, equipped with two DA500A data acquisition boards (Signatec, Corona, CA, USA)). The data were processed off-line.
The lumen boundary is detected by thresholding. Next, subsequent windows of 300 µm with 50% overlap were taken to determine the time delay between the traces acquired at two different pressure levels. These parameters were chosen to give an acceptable balance between the variance incurred in strain estimation and spatial resolution . The time delays were determined using the location of the peak of the correlation coefficient function. Local strain was estimated using the finite difference of the time delays. Additionally, the strain values were filtered using the peak values of the cross-correlation function . The strain values were colour-coded using a 'traffic light' notation: from red for non-compliant material via yellow to green for compliant material.
The in vivo experiments (coronary arteries) were performed using a MegaSonics ® catheter (EndoSonics, Rijswijk, The Netherlands), a combination device consisting of an angioplasty balloon (3.5 mm diameter, length 20.0 mm) and a 64 F/X array IVUS transducer proximal to the balloon. Although the balloon is not used to strain the tissue, the presence of the balloon stabilizes the position of the catheter in the lumen. Lesions were crossed and imaged without complication. While the non-inflated balloon was crossing the lesions, the absence of ischaemia and angina permitted the search for the most stable position of the transducer in the centre of the lumen offering the visualization of a significant plaque. An eccentric position of the catheter is related with artefacts that cannot be corrected (de Korte et al 1999) . The rf data were acquired as described below. The pressure was measured at the level of coronary ostium via the guiding catheter connected to a standard fluid-line system (Ohmeda, Bilthoven, The Netherlands).
The 64-element phased array catheter with balloon was connected to an EndoSonics InVision system. The system is equipped with an analogue rf data output. This output provides the data used for making a ChromaFlo TM flow mode image. In this mode, the catheter operates in linear instead of phase array mode thus providing low-resolution images (Borsboom et al 1999) . Each frame contained 64 angles containing an rf signal of 10 µs (corresponding to 7.5 mm). These data were digitized in a custom-made acquisition system, containing a Pentium computer with an acquisition board (Signatec, Corona, CA, USA) with 128 Mbyte to store the rf data at a sampling rate of 200 MHz in 8 bits.
Ten frames per second were acquired at cross sections where the IVUS echogram revealed diseased vessel wall and plaque. Due to the contraction of the heart, the catheter will move in the lumen. For large motions, the frames acquired at the different intraluminal pressures may be misaligned thus hindering adequate displacement estimates.
An algorithm to determine the similarity between sequential echo frames is used as a figure of merit for the motion of the catheter in the lumen. The normalized absolute difference between two sequential echo frames is determined using the likelihood between the frames. Next, these values were scaled between 0 and 100%. 0% corresponds to no similarity between the frames and 100% means that both frames were exactly the same. Sequential frames with a high likelihood and a pressure differential large enough to result in strain levels of the order of 1% are taken to calculate the elastograms. The strain was determined using the same procedure as used for the in vitro experiments.
Results
The principle of intravascular elastography is visualized in figure 2. Figure 2 (upper left) shows the echogram of the phantom acquired at low pressure. The echogram acquired at high pressure is shown in figure 2 (lower left) . Note that the soft plaque area is not visible in the echograms. The local strain is determined using the cross-correlation based time delay estimation algorithm ( figure 2 (right) ). The soft plaque region is clearly visible in the elastogram.
An echogram, elastogram and histology of a human femoral artery segment are shown in figure 3 . The echogram of this diseased artery indicates that this cross section contains an eccentric plaque (between 3 and 11 o'clock). Although the echogram perfectly reveals the geometry of this plaque, the composition of the plaque remains uncertain. The elastogram shows that the strain in the plaque (0.2-0.3%) is about two times lower than the strain in the remainder of the vessel wall (0.5%), indicating that this material is harder and may be composed of fibrous material. The picrosirius red stain and alpha-actin stain reveal that the main content of the plaque is fibrous material. Figure 4 shows an artery with an eccentric plaque. The elastogram reveals that the plaque can be divided into two parts: a low-compressing part between 4 and 11 o'clock and a highcompressing part between 2 and 4 o'clock. The strain in the low-compressing part (0.2%) indicates that this may be fibrous tissue. The high strain values (0.8-1%) in the region between 2 and 4 o'clock reveal that this part may be mainly fatty material. These findings are corroborated by the histology. The part between 2 and 4 o'clock is mainly fat (low collagen content and small number of smooth muscle cells) and the part between 4 and 11 o'clock is fibrous material (high collagen and smooth muscle cell concentration).
In all in vivo experiments, elastograms were determined from two echograms, acquired near end-diastole. Analysis of the likelihood curves revealed that the highest likelihood values and thus minimal motion of the catheter was present in this part of the heart cycle for all 10 patients. The maximum likelihood value appeared to be related to the quality of the elastogram: a low value resulted in a high number of erroneous strain estimates as determined using the correlation peak value filter (de Korte et al 1998) . Analysis of the pressure curve revealed a pressure differential of approximately 5 mmHg between sequential frames in this part of the heart cycle. In figure 5 , an echogram and elastogram of a human coronary artery obtained in vivo during an intervention in the catheterization laboratory are presented. The echogram reveals a large calcified area. The elastogram identifies this area as being composed of hard material since low strain values are found in this region.
Discussion
Intravascular elastography is a new technique that makes it feasible to assess the local mechanical properties of the vascular wall. Knowledge of the mechanical properties may help the clinician in choosing the proper interventional technique and for detection of rupture prone plaques.
The phantom experiments demonstrate that hard and soft material can be identified by IVUS elastography, independent of the echogenicity contrast of the materials. These experiments demonstrate that the elastogram reveals information that may be inconclusive or unavailable from the IVUS echogram alone (de Korte et al 1997a) .
The results of the in vitro experiments on human femoral arteries support these findings. Fibrous material was identified by the low strain values as observed from the elastogram (figure 3). In the specimen containing two plaque types (figure 4), the elastogram clearly revealed the fibrous and the fatty plaque region. This identification was not possible using the echogram since both regions demonstrated the same echogenicity.
These findings make the technique promising for the identification of rupture-prone plaques. Fatty tissue components with the lack of a thick fibrous layer separating this lipid from the lumen are described to be vulnerable (Davies 1996) . A thin fibrous cap may facilitate rupture of the plaque, which is supposed to be the main mechanism underlying acute cardiac events.
Additionally, rupture of a plaque may occur at places with a high stress concentration . In figure 3 , a high strain is observed at the junction between plaque and vessel wall between 11 and 12 o'clock. The elastogram does not provide information on the source of this high strain region: the high strain can be caused by soft material present in this region or by a stress concentration caused by the geometry. In this particular case, the high radial strain is not caused by soft tissue components, as can be observed from histology. Therefore, it may be caused by the high circumferential stress at this junction. At the other junction, only a slight increase of the strain can be observed. The different geometry of both the junctions may cause the discrepancy in observed strain values: as can be seen in the IVUS image, a gradual interface between plaque and vessel wall is present at 3 o'clock where a discrete interface is present at 11 o'clock.
The sensitivity and specificity of the technique need to be investigated to identify different plaque components and vulnerable regions. For that reason, strain values will be related to different plaque components for all cross sections of the 10 human femoral arteries. This analysis may reveal the power of intravascular elastography to identify these components. Additionally, the underlying phenomena that cause high strain will be investigated. For that, the inverse problem for intravascular applications has to be solved (Doyley et al 2000) .
Furthermore, in vivo elastograms of diseased human coronary arteries are presented. Contrary to the in vitro experiments, a dynamic instead of static pressure differential is used to strain the tissue. The advantage is that this excitation source is already present in the arterial system. Using gated acquisition, different levels of intravascular pressure were obtained. These preliminary results indicate that reproducible elastograms can be produced using this acquisition scheme.
The elastographic findings could not be validated using histology during the in vivo experiments. Therefore, partial validation was performed using the echogram, since it can differentiate between calcified and non-calcified material. The hard material as identified with the elastogram in this particular example corresponds to calcified material, as is clearly indicated by the echogram. Since echography gives no information regarding the presence of lipid or fibrous material, further validation was not possible at this point. Future validation techniques could include an animal study, Raman spectroscopy (Römer et al 1998 , de Korte et al 2000 and directional atherectomy.
Compared with the in vitro experiments on human femoral arteries, the pressure differential between the two frames is smaller: 3-5 mmHg instead of 20 mmHg. A smaller pressure differential will immediately result in lower strain values. However, the strain values found during the in vivo experiments are in the same range as the strain values found in the in vitro experiments indicating that the tissue during in vivo examination is softer. A possible explanation is that the elastic moduli of tissue will be elevated after excision of the tissue (Gow and Hadfield 1979) and may even further increase after cold storage. Additionally, since the in vitro study was performed at room temperature, fatty tissues will be harder at room temperature than at body temperature (Lundberg 1985) , resulting in decreased strain values.
Conclusion
Intravascular elastography encompasses techniques that reflect the mechanical properties of the vessel wall and its pathology based on conventional IVUS imaging catheters. We obtained the first elastograms of diseased arteries in vitro and in vivo. The results show that characterization based on elasticity information from regions with various pathologies may be feasible. This information, which is useful for diagnosis and guiding interventional procedures, is frequently inconclusive or unavailable from echograms or x-ray angiograms.
